The association between history of coronary artery bypass graft surgery (CABG) and dementia risk remains unclear.
V ascular disease is an important established contributor to vascular and mixed dementia. 1 However, the relationship with coronary artery disease (CAD) and associated treatments, for example, coronary artery bypass graft surgery (CABG) is less clear. CABG is increasingly performed in older adults who are at risk of dementia. 2 In a study of 326 adults aged 55 years and older, prevalence of dementia was markedly increased 7.5 years after CABG and amounted to 30.7% [95% confidence interval (CI), [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] . 3 However, it remains unclear whether any increased risk of dementia associated with CABG is a consequence of the procedure, CAD itself, the progression of underlying disease, or a combination of these factors. 2 CABG may increase dementia risk via mechanisms such as release of microemboli, hypoperfusion limiting the washout of microemboli and systemic inflammation, or decrease dementia risk due to other mechanisms such as improved cardiac output. 4 Comparisons with alternative CAD treatments such as percutaneous coronary intervention (PCI) are therefore useful because they can shed light on the impact of the procedure itself. 2 Dementia-related outcomes seem unrelated to procedural differences in CABG, such as off-pump versus on-pump CABG 5 or normothermic versus hypothermic cardiopulmonary bypass. 6, 7 A recent meta-analysis of 28 studies of cognition up to 12 months following CABG suggested that psychomotor speed was reduced up to 2 weeks after surgery, though memory and executive function were preserved. 8 These initial deficits resolved within 3 months and were stable or improved at 6 to 12 months. 8 These findings should be interpreted with caution due to methodological problems such as practice effects and lack of a control group in many studies. Prior prospective studies provide a mixed pattern of results. A 5-year follow-up study did not find a significant difference in incidence of cognitive decline in CABG patients compared with controls without CAD. 9 Another study with a 6-year follow-up comparing those with on-pump CABG to those with off-pump CABG, CAD with medical management, and those without CAD suggested that CAD treatment strategies were not associated with the degree of long-term cognitive decline. 10 In a male co-twin control study matched for CABG within each pair, those who received CABG aged 60 to 73 improved in global cognitive function 1 to 2 years postoperatively. 11 No significant differences were observed in twins who had CABG later in life. 11 However, in another populationbased cohort study CABG was associated with global cognitive decline >5 years postoperatively but not in the first 5 years after surgery. 12 This suggests that CABG may confer long-term rather than short-term risk of cognitive decline, and by implication may increase the risk of dementia. We therefore conducted a systematic review focusing on the long-term relationship between CABG and all-cause dementia and its subtypes (Supplemental Methods and Results, Supplemental Figure 1 for search strategy, Supplemental Figure 2 for search results, Supplemental Table 1 for characteristics of included studies and  Supplemental Table 2 for quality assessment, Supplemental Digital Content 1, http://links.lww.com/WAD/A158). Four studies investigated the association with all-cause dementia, [13] [14] [15] [16] 3 studies with Alzheimer disease (AD), 14, 15, 17 and 2 studies with vascular dementia (VaD) 14, 18 (Table 1) . Two of the included studies were based on data from the Cardiovascular Health Study (CHS): a risk index study where CABG predicted all-cause dementia risk though specific effect size estimates were not reported 13 and a secondary analysis indicating an increased risk of VaD in those with CABG history compared with no CABG history though adjusted only for age, race, and sex and excluding prevalent mild cognitive impairment (MCI) cases 18 (Table 1) . Results from the Cache County Study 14 supported the association between CABG history and increased VaD risk. Estimates for all-cause dementia and AD were in the same direction but statistically not significant. 14 A case-control study based on medical records 15 did not find a significant association between CABG and odds of all-cause dementia and AD. Another medical records study investigated risk of all-cause dementia in those with CABG compared with those receiving medical management for CAD or those with PCI and found no significant associations. 16 However, Lee et al 17 also compared CABG to PCI in a medical records study and found a significantly increased risk of AD (Table 1) .
Given the mixed pattern of results and the limited number of studies emerging from our systematic review, we analyzed the CHS data to investigate the relationship between CABG history and all-cause dementia and key dementia subtypes including AD, VaD, and mixed dementia.
METHODS

Data and Study Population
We used data from the CHS, a large prospective, population-based study of older adults that recruited 5201 white and African American participants in 1989 to 1990 and an additional 687 African American participants in 1992 to 1993 from 4 communities in the United States. 19 Of these 5888 participants, 3608 participants with a magnetic resonance imaging (MRI) scan and a Modified MiniMental State Examination assessment in 1991 to 1994 were included in the CHS Cognition Study. This ancillary study was designed to identify participants with prevalent dementia at the time of the MRI examination (baseline for the current study) or incident dementia or MCI from the time of the MRI examination to the end of follow-up in 1998 to 1999, death, or loss to follow-up. 13, 20, 21 We excluded participants with prevalent dementia at baseline (n = 227), insufficient data to determine dementia status (n = 6), or a missing history of CABG at baseline (n = 17) resulting in a sample of 3358 participants. We then restricted our sample to those with full data on all potential covariates to be included in our fully adjusted model, giving us our final sample of 3155 participants. Institutional review committees at each study site approved the study, and all participants provided written informed consent. Sensitivity analyses including genetic data were restricted to those providing additional consent to use their DNA.
Dementia Assessment
All-cause dementia was ascertained in 1998 to 1999 by an adjudication committee of neurologists and psychiatrists with expertise in dementia based upon previous (mainly the Modified Mini-Mental State Examination and the Telephone Interview for Cognitive Status) and current cognitive assessments (including tests of premorbid intelligence, memory, language, visuoconstructional/visuospatial, executive and motor functions), neurological examination, medical records, questionnaires, and informant reports. 20, 22 MRI scans were used to classify dementia cases into subtypes. 20 Classification of all-cause dementia and key dementia subtypes (AD, VaD, and mixed dementia) was based on the Diagnostic and Statistical Manual of Mental Disorders, edition 4 or the National Institute of Neurological and Communicative Diseases and Stroke/Alzheimer Disease Related Disorders Association, the State of California Alzheimer Disease Diagnostic and Treatment Centers and the National Institute of Neurological Diseases and StrokeAssociation Internationale pour la Recherche et l'Enseignement en Neurosciences. 20 
Assessment of CABG and PCI
We defined history of CABG (yes/no) and PCI (yes/ no) at baseline as self-reported history at CHS entry or documented incident CABG or PCI from medical records from CHS entry to study baseline.
Covariates
We adjusted our analyses for covariates identified as potential confounders: age (years), sex, ethnicity (white/ non-white), education status (did not finish high school; finished high school/some college/vocational qualifications; college/professional qualifications), hypertension (no hypertension: systolic <140 and diastolic <90; treated hypertension: taking hypertensive medication; untreated hypertension-systolic Z140 or diastolic Z90, with no hypertensive medication), diabetes (American Diabetes Association guidelines: having plasma fasting glucose Z7.0 mmol/L or using oral hypoglycaemic agents or insulin), clinical cardiovascular disease (CVD; defined as any of the following: atrial fibrillation or pacemaker, history of intermittent claudication, or peripheral vascular surgery, history of congestive heart failure, history of stroke, transient ischemic attack, or carotid surgery, history of coronary angioplasty, history of angina, or use of nitroglycerin, history of myocardial infarction) or subclinical CVD (any of the following: ankle-arm index r0.9 mm Hg, internal carotid wall thickness >80th percentile, common carotid wall thickness >80th percentile, carotid stenosis >25%, major electrocardiogram abnormalities, abnormal ejection fraction on echocardiogram, abnormal wall motion on echocardiogram, Rose Questionnaire positive for claudication or angina), 23 body mass index in kg/m 2 , depressive symptoms (Z8 on the revised 10-item Center for Epidemiologic Studies Depression Scale), 24 smoking (nonsmokers including former smokers, current smokers), alcohol consumption [US National Institute on Alcohol Abuse and Alcoholism guidelines for older adults: nondrinkers including former drinkers, moderate drinkers (r7 drinks per week), heavy drinkers (> 7 drinks per week)], physical activity (number of blocks walked over 1 week) 25 and apolipoprotein E status (yes/no; presence of 1 or 2 e4 alleles).
Statistical Analysis
Those with and without CABG history were compared regarding their baseline characteristics using a Student t test for normally distributed continuous variables, a Wilcoxon rank-sum test for skewed continuous variables and a Pearson w 2 test for categorical variables. We used Cox proportional hazards models to examine the associations between history of CABG (predictor) and time to incident: (i) all-cause dementia, (ii) AD, (iii) VaD, and (iv) mixed dementia. Participants were considered at risk for dementia from baseline and were censored at death, incident CABG (in the comparison group only), or the end of follow-up. All-cause dementia included cases with AD, VaD, mixed dementia, other rarer dementia subtypes, and cases with an unspecified dementia subtype due to insufficient information. Participants with prevalent MCI were included and classified as not having dementia. In analyses of incident AD, participants were censored for non-AD dementia, with a similar approach used for VaD and mixed dementia. In basic adjusted models, we controlled for age, sex, ethnicity, and education. In fully adjusted models, we also included baseline hypertension, diabetes, and clinical or subclinical CVD. The proportional hazards assumption was assessed by examining the Schoenfeld residuals. 26 In sensitivity analyses, we fitted the same model including additional adjustments for body mass index, depressive symptoms, smoking, alcohol consumption, physical activity, and apolipoprotein E. We also restricted the sample to those with prevalent CVD or CAD (defined as prevalent myocardial infarction or angina pectoris) and excluded participants who developed dementia within 1 year of baseline to address the possibility that any observed association may result from these "early converters" as previously described. 27 In secondary analyses we compared those with history of CABG to those with history of PCI. We also conducted random-effects meta-analyses to pool the CHS estimates with compatible data from studies identified in the systematic review. Heterogeneity was investigated using the w 2 test and the I 2 statistic. 28 Two-sided P < 0.05 were considered statistically significant. Data analyses were performed using Stata SE version 13 (Stata Corp., College Station, TX).
RESULTS
Baseline characteristics of the study population are presented in Table 2 . Participants were followed-up for a median of 6.0 years (interquartile range, 4.7 to 6.5). In the comparison group (no history of CABG) 116 participants were censored at the occurrence of incident CABG. Results from the basic and fully adjusted models did not differ substantially (Table 3) . History of CABG almost doubled the risk of developing all-cause dementia compared with no history of CABG [fully adjusted hazard ratio (HR) = 1.93; 95% CI, 1.36-2.74]. In terms of dementia subtypes, history of CABG almost tripled the risk of developing mixed dementia compared with no history of CABG (fully adjusted HR = 2.73; 95% CI, 1.55-4.80). The pattern of associations was similar for AD and VaD but not statistically significant. Kaplan-Meier curves for unadjusted rates of incident all-cause dementia and its subtypes indicate that the survival curves begin to diverge after 1 year from baseline and the 95% CIs separate after around 3 years for all-cause dementia and 5 years for mixed dementia (Fig. 1) .
Sensitivity analyses with additional adjustment did not change the overall pattern of associations (Supplemental Table 3 , Supplemental Digital Content 1, http://links.lww. com/WAD/A158). Similarly, restricting the sample to those with CVD or CAD or excluding participants who developed all-cause dementia and its subtypes within 1 year of baseline did not alter the pattern of results (Supplemental Table 3 , Supplemental Digital Content 1, http://links.lww. com/WAD/A158). Comparisons between those with a history of CABG and PCI lacked statistical power due to a small number of participants in the PCI group (Supplemental Table 4 , Supplemental Digital Content 1, http:// links.lww.com/WAD/A158).
In meta-analyses, we pooled our findings with results from the Cache County Study 14 investigating the risk of all- cause dementia, AD, and VaD in those with history of CABG compared with those with no history of CABG. We also included 2 further cohort studies 16, 17 comparing the risk of all-cause dementia and AD in those with CABG to those with PCI.
Pooled results indicated that history of CABG almost doubled the risk of all-cause dementia compared with no history of CABG (HR = 1.96; 95% CI, 1.42-2.69; P < 0.001). History of CABG also increased the risk of AD, though the association was slightly weaker (HR = 1.71; 95% CI, 1.04-2.79; P = 0. When we pooled our findings with studies comparing CABG to PCI, the pooled result indicated an increased risk of all-cause dementia in those undergoing CABG (HR = 1.47; 95% CI, 1.01-2.14; P = 0.05). The pooled estimate for AD was in the same direction though not statistically significant (HR = 1.51; 95% CI, 0.89-2.55; P = 0.12; see Supplemental Figure 4 , Supplemental Digital Content 1, http://links.lww.com/WAD/A158).
DISCUSSION
The risk of all-cause dementia in those with CABG history was approximately doubled in our analysis of the CHS and in our meta-analysis incorporating additional results from the Cache County Study. A similar though slightly weaker association with AD was observed in both the CHS and pooled results. The relationship between CABG and VaD remained unclear even in the pooled analysis due to a lack of statistical power. A significant association between CABG and mixed dementia was observed in the CHS, something that has not been investigated in previous studies. Pooled results of studies comparing CABG to PCI suggested an increased risk of all-cause dementia in those with CABG.
Our results add to the debate on whether CABG increases or decreases long-term dementia risk by indicating that a history of CABG increases the risk of all-cause dementia, AD, and mixed dementia in older adults. This can be contrasted with the results of a recent meta-analysis of short-term studies suggesting that initial cognitive deficits following CABG resolved within 3 months, and cognition was stable or improved at 6 to 12 months. 8 The fully adjusted association between history of CABG and risk of VaD from our analysis of the CHS is smaller (HR = 1.42; 95% CI, 0.56-3.65) than that observed in a previous analysis using the CHS data (HR = 2.6; 95% CI, 1.7-4.1). 18 This difference is due to methodological differences including a basic adjustment strategy (age, sex, and ethnicity) and the exclusion of prevalent MCI at baseline in the previous CHS analysis. 18 A case-control study 15 identified in our systematic review did not find a significant association between CABG and odds of all-cause dementia and AD but was excluded from our meta-analyses due to substantial differences in design as it was a retrospective medical records study. This discrepancy may be explained by a different study design and use of medical records to ascertain dementia status. The significant pooled estimate for the association between history of CABG and AD compared with no history of CABG may reflect mixed pathology, as many AD patients are likely to have vascular pathology that contributes to their dementia status. 29 Our meta-analytic results suggest the significant association between history of CABG and dementia risk is unlikely to be driven by the underlying CAD as PCI may be associated with lower dementia risk compared with CABG. One study investigated dementia risk in those with a history of CABG compared with those receiving medical management for CAD and found no significant association, though this was limited by the use of medical records for the primary outcome. 16 Further well-designed studies are needed to compare CABG with alternative treatment strategies for CAD. A large randomized controlled trial with long-term followup could provide definitive evidence on the causal effect of CABG but random assignment to CAD treatment may not be ethical given potential differences in mortality linked to type of CAD treatment. 30, 31 However, further observational studies could also be useful, for example, patients receiving CABG and PCI could be propensity score matched according to their baseline characteristics and CAD severity.
A number of mechanisms have been identified that may explain the association between CABG and dementia. 4 A recent meta-analysis of randomized controlled trials demonstrated that those who received CABG rather than PCI had significantly higher odds of stroke after a median follow-up period of 12 months (OR = 1.69; 95% CI, 1.07-2.67). 32 Stroke is an established dementia risk factor 33 and may therefore mediate the association between CABG and dementia risk. Hypoperfusion during surgery affects the washout of microemboli and is linked to brain ischemia and infarction. 34 CABG markedly increases cytokine levels as part of the systemic inflammatory response, 35 which may in turn increase the risk of dementia. 36 Given that our results suggest the increased dementia risk associated with CABG takes >1 year to become apparent, it is possible that these mechanisms reduce brain reserve and increase vulnerability to dementia by accelerating cognitive decline. Moreover, CABG is performed under general anesthesia, whereas PCI often requires no sedation or conscious sedation. 37 Results of studies investigating the association between general anesthesia and dementia risk are mixed. A systematic review and meta-analysis of 15 case-control studies suggested no significant association with odds of AD, 38 whereas 2 recent large case-control studies from Taiwan reported increased dementia risk. 39, 40 The strengths of our study include the incorporation of a systematic review, analysis of data from a large prospective population-based cohort with long follow-up and adjudicated dementia status, and meta-analyses conducted to obtain more robust estimates of the association between CABG and risk of all-cause dementia and its subtypes. Restricting the sample to those with CVD or CAD did not alter the pattern of results suggesting that the observed associations are not driven by differences in dementia risk associated with CVD or CAD itself. Likewise, the associations between dementia risk and CVD (HR = 1.3; 95% CI, 1.0-1.6), myocardial infarction (HR = 1.3; 95% CI, 1.0-1.9), or angina pectoris (HR = 1.3, 95% CI, 1.0-1.7) observed previously in the CHS 41 were much smaller than the association observed with CABG. A Finnish population-based study with a follow-up of over 25 years also did not find an association between midlife or late-life CAD and risk of all-cause dementia or AD. 42 However, we cannot exclude the possibility that the increased dementia risk associated with CABG may be due to the severity of CVD or CAD and our results do not prove a causal relationship. It is unlikely that dementia causes CAD, but reverse causation is possible if dementia influences treatment for CAD and the likelihood of receiving CABG. That said, the exclusion of participants with prevalent dementia or incident dementia occurring within a year of baseline and the long follow-up in our study makes reverse causation less likely. We adjusted our analyses for a wide range of potential confounders but the possibility of residual confounding remains. The CHS included only white and African American participants, dementia subtypes were not pathologically confirmed, and the exact timing of CABG is unknown for self-reported cases precluding adjustment for preoperative cognitive function. Statistical power was also limited in several analyses, particularly for VaD and the comparisons between CABG and PCI.
In conclusion, our findings suggest that history of CABG is associated with the long-term risk of all-cause dementia, AD, and mixed dementia. Patients receiving CABG may have an increased risk of dementia compared with those receiving PCI. Much uncertainty on this topic remains and as a result caution is warranted. Further studies are needed to investigate potential causal mechanisms or whether the association reflects CAD severity. The relationship between CABG and VaD needs addressing, particularly given the plausible vascular mechanisms identified. The impact of CABG in midlife and late-life should be investigated to establish whether there is a critical period, or whether CABG at any time increases dementia risk. If future research confirms a causal association between CABG and dementia risk then this would have important clinical implications. For example, alternative CAD procedures such as PCI could be considered in appropriate patients to reduce their long-term dementia risk.
